1. Introduction {#s0005}
===============

Coronaviruses are widespread RNA viruses of the Nidovirales order, Coronaviridae family, most often associated with human and veterinary respiratory infections ([@bib21]). Of the six human-infecting coronavirus strains, four (HCoV-229E, HCoV-NL63, HCoV-HKU1 and HCoV-OC43) are currently co-circulating and elicit respiratory illnesses ([@bib53]). Coronaviruses also represent a significant public health concern due to the recent zoonotically emerged, highly pathogenic species, SARS corovonavirus (SARS-CoV) ([@bib15], [@bib29]) in 2002--2003 and, since 2012, Middle-East respiratory syndrome coronavirus (MERS-CoV) ([@bib66]), localized to the Arabian Peninsula, but with sporadic travel-related outbreaks worldwide. In addition to their respiratory tropism, human coronaviruses have been detected concurrently with severe and acute neurological symptoms ([@bib3], [@bib36], [@bib64]) and shown to naturally infect the central nervous system (CNS) ([@bib4], [@bib22], [@bib61]) with neurons demonstrated as the main target of infection in HCoV-OC43 ([@bib5], [@bib16], [@bib25], [@bib24]) and SARS-CoV ([@bib22], [@bib61]).

Coronaviruses represent the largest known enveloped RNA (single-stranded positive sense) viruses with a genome of approximately 30 kb ([@bib21]). The viral envelope is composed of four or five proteins, the spike (S), membrane (M), envelope (E) and hemagglutinin-esterase protein (HE), the latter in some β coronaviruses genus, such as HCoV-OC43. Coronavirus E proteins are 74--109 amino acids in length, 84 amino acids for HCoV-OC43, and share only a small amount of sequence identity between coronavirus species. However, its secondary structure, composed of a short N-terminal domain followed by a single hydrophobic transmembrane domain (TMD) and hydrophilic cytoplasmic tail, remains overall conserved and is suggested to be more important than sequence for function ([@bib32], [@bib51]). The importance of the presence of the E protein in the viral envelope is emphasized by the fact that there are only about twenty E molecules incorporated within the virion structure ([@bib20], [@bib35], [@bib65]) and deletion of the protein can either completely prevent the production of detectable infectious virions ([@bib1], [@bib9], [@bib41], [@bib40]) or significantly reduce infectious virus titers ([@bib11], [@bib10], [@bib32], [@bib30]).

The majority of the coronavirus E protein in the infected cell is localized within the secretory pathway between the membranes of the endoplasmic reticulum (ER), Golgi and intermediate compartment between them (ERGIC) ([@bib8], [@bib37], [@bib54]). It is in this intracellular region that additional functions mediated by various domains of the coronavirus E proteins are proposed to occur. Homo-pentameric oligomerization of the E protein TMD in membranes to form ion channels, called viroporins, has been predicted for several coronaviruses ([@bib51]) and extensively studied for species such as SARS-CoV ([@bib38], [@bib42]) or avian infectious bronchitis virus (IBV) ([@bib46], [@bib58]). Another domain found at the extreme C-terminal end of the E protein, a PDZ-domain binding motif (PBM), has also been predicted for several coronavirus species ([@bib27]). This protein-protein interaction motif capable of interrupting normal cellular functions, has been demonstrated in other viruses to play important roles in replication, dissemination in the host and pathogenesis ([@bib26]). The multiple properties of coronavirus E proteins have not yet been fully investigated or explained, and can at times differ between coronavirus species. The multifunctionality of the E protein could be explained by the presence of two distinct pools (monomeric versus homo-oligomeric states) present in the infected cell ([@bib58]). Furthermore, the different motifs found within the protein ([@bib28]) could mediate different specific functions. The coronavirus E protein was also recently recognized as an important virulence factor for the SARS-CoV ([@bib27]), where deletion of the whole or part of the protein led to an attenuated pathology in mouse lungs ([@bib11], [@bib10]), attenuation which was later linked to the E protein TMD and PBM ([@bib27], [@bib38]).

HCoV-OC43 represents a circulating strain of human coronavirus causing respiratory illness, which is naturally capable of invading the CNS where neurons are preferentially targeted for infection. In this study, we demonstrate that the fully functional HCoV-OC43 E protein (harboring specific TMD and PBM) is critical in infectious virus production and dissemination in epithelial and neuronal cell cultures and in the murine CNS and that it is a determinant of neurovirulence, a first demonstration for this coronavirus species.

2. Results {#s0010}
==========

2.1. Deletion of HCoV-OC43 E protein abrogates infectious virion production, introduces a strong selection pressure for reversion in progeny production {#s0015}
-------------------------------------------------------------------------------------------------------------------------------------------------------

In order to evaluate the importance of the HCoV-OC43 E protein in infectious virion production, a stop codon was introduced at the beginning of the E gene of our cDNA infectious clone, pBAC-OC43^FL^ ([@bib48]), preventing corresponding full-length E protein production in the resultant recombinant virus ( [Fig. 1](#f0005){ref-type="fig"}A). Transfection of BHK-21 cells with the pBAC-OC43FL led to the detection of reference HCoV-OC43 recombinant infectious virus (rOC/ATCC) whereas transfection with the pBAC-OC43-E-Stop mutant did not lead to any detectable infectious virus (rOC/E-Stop) ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1The HCoV-OC43 E protein is critical for infectious particle production. (A) Representation of the full-length HCoV-OC43 genome found within the pBAC-OC43~FL~ infectious clone (top) with a schematic representation of the HCoV-OC43 E gene to be modified at various amino acid positions indicated at their relative positions within the protein (bottom). TM, transmembrane; PBM, PDZ-binding motif. (B) Evaluation of infectious virus production corresponding to pBAC-E-Stop transfection of BHK-21 cells compared to pBAC-OC43FL. (C) Insertion of wild-type E gene into pcDNA3.1(+) expression vector, pcDNA(OC-E), yielded corresponding HCoV-OC43 E protein expression compared to empty vector. (D) Visualization of transfection efficiency on BHK-21 cells of various conditions by immunofluorescence detection of HCoV-OC43 S protein (green), nucleus staining with DAPI (blue). Subpanels: (a) mock, (b) pBAC-OC43FL (rOC/ATCC), (c) pBAC-E-Stop (rOC/E-Stop + 2 μg pcDNA(OC-E)), (d) pBAC-E-Stop (rOC/E-Stop + 2 μg pcDNA(empty)). (E) Transient co-transfection of pBAC-E-Stop and 1or 2 μg pcDNA(OC-E) in BHK-21 cells rescued detectable infectious virus in a dose-dependent manner. (\* P\<0.05) (F) Evaluation of infectious recombinant virus production after transient co-transfection of pBAC-E-Stop and pcDNA(OC-E) in BHK-21 cells (BHK 0). The supernatants (P0) were amplified three times by inoculation of HRT-18 cells (HRT 1--3). Infectious viral titer differences observed between experiments, revealed, by sequencing (G), the appearance of reversions at the position in the E gene where a stop codon was introduced are indicated by bold and underline. LOD, limit of detection. ┼ (cross) indicates appearance of reversion(s) in the HCoV-OC43 E gene in viral stocks as detected by sequencing.Fig. 1

To confirm that the inability to detect infectious viral particles was due to the lack of E protein expression, we wished to verify whether viral production could be rescued with wild-type E protein. Transfection of a plasmid containing the reference HCoV-OC43 E gene, pcDNA(OC-E), in BHK-21 cells clearly showed via Western blot assay (WB) that the E protein was produced compared to an empty plasmid condition ([Fig. 1](#f0005){ref-type="fig"}C). Subsequently, a transient co-transfection was conducted in the same cells with pBAC-E-Stop and pcDNA(OC-E) and, by making use of a monoclonal antibody against the S protein of HCoV-OC43, we confirmed that the co-transfection did not affect transfection efficiency, and that the viral S protein was produced at equivalent levels in cells transfected with pBAC-OC43^FL^ alone or pBAC-E-Stop with pcDNA(OC-E) or empty plasmid ([Fig. 1](#f0005){ref-type="fig"}D). Following the co-transfection, infectious particles production was rescued to detectable levels in a dose-dependent manner ([Fig. 1](#f0005){ref-type="fig"}E). Viral RNA was harvested and cDNA sequenced to confirm that the infectious particles detected after transfection corresponded to rOC/ATCC and rOC/E-Stop mutant (data not shown).

As we were able to rescue infectious particles production through transient complementation, we wondered whether this resultant virus, still lacking the E gene, could be amplified further in subsequent passages. To this end, we amplified the viral stocks of all transfected plasmids three times without trans-complementation on HRT-18 epithelial cells, each time normalizing to the lowest detectable viral titer to infect cells at an identical MOI for all recombinant viruses ([Fig. 1](#f0005){ref-type="fig"}F). Throughout the amplification process we were consistently unable to detect infectious viral particles issuing from viral stocks of rOC/E-Stop. Amplifications of initially complemented viral stocks of rOC/E-Stop led to detectable titers which decreased over the course of each subsequent amplification compared to rOC/ATCC. Sequencing of viral RNA confirmed that the E gene in the viral rOC/E-Stop stocks contained the introduced stop codon at each amplification step (data not shown). These results demonstrate that production of progeny infectious HCoV-OC43 virions is still possible in the absence E protein, however the efficiency of the process is dramatically diminished.

Interestingly, when conducting independent experiments following the same experimental approach, the titers of initially complemented rOC/E-Stop sometimes increased substantially after two or three amplifications, approaching reference virus titer levels after three rounds of amplification on HRT-18 cells ([Fig. 1](#f0005){ref-type="fig"}F). Sequence analysis of the E gene of the corresponding viral stocks revealed that a reversion of sequence appeared at the position where the stop codon had been initially introduced; representing reversion to wild-type or new amino acids ([Fig. 1](#f0005){ref-type="fig"}G). Taken together, these data demonstrate that the HCoV-OC43 E protein is critical for efficient infectious virion production in epithelial cells.

2.2. Neuronal cells are susceptible to infection with HCoV-OC43 lacking E protein but progeny virus production is severely inhibited {#s0020}
------------------------------------------------------------------------------------------------------------------------------------

HCoV-OC43 is neuroinvasive ([@bib4]) and neurotropic, with the neuron being the main target of infection in the CNS ([@bib25], [@bib24]). Therefore, we sought to investigate whether the absence of the E protein would modify these neurotropic capacities by infecting a susceptible differentiated human neuronal cell line (LA-N-5) or mixed primary cultures of murine CNS cells. Initially complemented rOC/E-Stop, previously recovered from transfection on BHK-21 cells (P0), was used for infection and infectious viral titers determined over a period of 72 h post-infection (hpi). This revealed an important decrease of infectious virus production for human cells ( [Fig. 2](#f0010){ref-type="fig"}A), which was exacerbated in primary murine cells, where virus titers were under the limit of detection ([Fig. 2](#f0010){ref-type="fig"}B). However, in these primary cultures, low levels of infected cells were visualized by immunofluorescence (IFA) where we detect the viral S protein, suggesting that infection was possible even for the complemented rOC/E-Stop virus but that production of new infectious progeny and eventual propagation were severely inhibited compared to wild type virus ([Fig. 2](#f0010){ref-type="fig"}C).Fig. 2HCoV-OC43 lacking E protein can infect neuronal cells but replication is severely impaired. LA-N-5 (A) and mixed primary mouse CNS cells (B) were infected with supernatant coming from BHK21 supernatant (P0) and containing virus lacking E protein, rOC/E-Stop + pcDNA(empty), or initially complemented virus, rOC/E-Stop + pcDNA(OC-E). Cell-free and cell-associated virus infectious titers were determined over 72 h post-infection. Representative of three different experiments. Statistical significance was tested at 72hpi (\*\*\* P \< 0.001). (C) IFA on infected mixed primary murine CNS cells over 48 h. Green represents the microtubule associated protein 2 (MAP2) staining in neurons; red represents viral S protein.Fig. 2

2.3. HCoV-OC43 E protein putative transmembrane domain integrity is important for efficient infectious virion production and efficient infection of neuronal cells {#s0025}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

The transmembrane domain (TMD) of some coronavirus E protein is known to homo-oligomerize in membranes and appears to modulate infectious virus production ([@bib38]). In order to determine the effect of HCoV-OC43 E protein TMD on virus production in cell culture, pBAC-OC43FL was modified at a key amino acid position previously identified in other coronaviruses to be critical for the stability of this specific domain ([@bib38], [@bib46]) and compared against wild-type virus during infection of cells. The large, polar glutamine at position 17 of the HCoV-OC43 E protein putative TMD was modified into a smaller, non-polar alanine (pBAC-E-TM-Q17A) in order to diminish any possible ion channel selectivity conveyed by this amino acid ([@bib42]) at the opening of the putative ion channel.

Transfection of transmembrane mutant in BHK-21 cells yielded detectable virus titers of rOC/E-TM~Q17A~, which was further amplified on HRT-18 cells (P1) to significantly lower titers compared to reference virus ( [Fig. 3](#f0015){ref-type="fig"}A). Infection of human LA-N-5 cells and mixed primary cultures of mouse CNS cells showed a similar virus production kinetic with an initial delay over the first 24hpi in the cell-free fraction ([Fig. 3](#f0015){ref-type="fig"}B and C, left panels). However, in the cell-associated fractions, the amount of recovered infectious virus particles was almost identical to those of the reference virus ([Fig. 3](#f0015){ref-type="fig"}B and C, right panels), suggesting a possible defect in virus release. In order to ascertain this potential defect, human LA-N-5 cells were infected with either rOC/ATCC or rOC/E-TM~Q17A~, and both infectious titer and viral RNA copies (associated to total viral particles) in the cell-free fraction were quantified at 16 h post-infection ([Fig. 3](#f0015){ref-type="fig"}D). Only the infectious titer was quantified in the cell-associated fraction as (with our system of q-RT-PCR), we are not able to differentiate between viral genomic and subgenomic RNA and between viral RNA that would be inserted in virion or free in the infected cell. Similar levels of viral infectious particles were measured in the cell-associated fractions for both viruses at 16hpi indicating that the cells have been infected with the same efficiency and that the viral replication early steps are not affected by the alteration of the TMD. However infectious viral titer in the supernatant (cell-free fraction) of cells infected with rOC/E-TM~Q17A~ was significantly reduced compared to cells infected with rOC/ATCC, although both viruses produced similar amount of total viral particles. These findings are supported by immunofluorescence assay showing a delay in propagation of rOC/E-TM~Q17A~ over 72 hpi compared to reference virus ([Fig. 3](#f0015){ref-type="fig"}E, Figure S1A and B).Fig. 3The putative HCoV-OC43 transmembrane domain plays an important role in infectious virion production, release, replication and propagation in neuronal cells. (A) Production of infectious virus after transfection of E protein transmembrane mutant in BHK-21 cells (BHK 0) and amplification on HRT-18 cells (HRT 1). (B) LA-N-5 human neuronal cells and (C) mixed primary mouse CNS cells were infected with rOC/E-TM~Q17A~. Cell-free and cell-associated virus fractions were recovered and tittered over 72 h. The results show a representative experiment. Statistical significance was tested at 72hpi (\*\* P \< 0.01; \*\*\* P \< 0.001). (D) Infectious virus production was evaluated in the cell-associated or cell-free fraction, and total viral RNA (representative of total viral particles production) was quantified by RT-qPCR in the cell-free fraction of rOC/ATCC or rOC/E-TM~Q17A~ infected cells following 16 h of incubation with 200 nM chloroquine to prevent re-infection. (E) The percentage of LA-N-5 cells infected by the transmembrane mutant (representative of viral propagation) was quantified by immunofluorescence and cell profiler software and compared to the reference virus over 72 h post-infection. LOD, limit of detection.Fig. 3

2.4. HCoV-OC43 E protein putative C-terminal protein-protein interaction motif is critical for efficient infectious virion production and dissemination {#s0030}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Bioinformatics analysis and modeling suggest that several coronavirus species possess a PDZ-domain binding motif (PBM) at the extreme C-terminus of their E protein that could interact with cellular and viral proteins ([@bib27]). We sought to investigate whether the putative four-amino acid E protein PBM of HCoV-OC43 modulates production of infectious particles and infection of susceptible cells. To this end, we modified our cDNA infectious clone to change the two key amino acids of the putative PBM motif, at the −0 and −2 positions from the C-terminal end respectively, into inert alanines, and thereby abrogated putative motif recognition by potential interaction partner(s). Single amino acid mutants (pBAC-OC-E-PBM-D82A and pBAC-OC-E-PBM-V84 A) or double mutant (pBAC-OC-E-PBM-D82A-V84A) ([Fig. 1](#f0005){ref-type="fig"}A), were transfected in BHK-21 cells and amplified on HRT-18 cells at the same multiplicity of infection and compared to reference virus ( [Fig. 4](#f0020){ref-type="fig"}A). Amplification on HRT-18 cells demonstrated that viral titers of the double mutant were significantly decreased compared to other viruses.Fig. 4A functional PDZ-domain binding motif at the C-terminal end of the HCoV-OC43 E protein is critical for efficient virus production and spread in neuronal cells. (A) Production of infectious virus after transfection of various E protein mutants with fully or partially abrogated predicted PBM after transfection in BHK-21 cells (BHK 0) and amplification on HRT-18 cells (HRT 1). The results show a representative experiment. Cell-free and cell-associated infectious virus production were determined at indicated timepoints after infection at an MOI of 0.05 on (B) LA-N-5 cells and (C) mixed primary cultures of mouse CNS cells. The results show a representative experiment. Statistical significance was tested at 72hpi (\*\* P \< 0.01; \*\*\* P \< 0.001). (D) The percentage of LA-N-5 cells infected by the transmembrane mutant (representative of viral propagation) was quantified by immunofluorescence and cell profiler software and compared to the reference virus over 72 h post-infection. LOD, limit of detection.Fig. 4

To investigate whether the ability to infect susceptible cells, replicate and disseminate is affected by the putative C-terminal PBM in the context of the CNS, LA-N-5 or mixed primary cultures of murine CNS cells were infected with single or double mutant PBM viruses and viral titers and propagation were analyzed. In LA-N-5 cells, after 18 hpi, the titers of rOC/E-PBM~D82A-V84A~ were significantly decreased in the cell-free and cell-associated virus fraction compared to single PBM mutants or reference viruses and total infectious virus titers of the double mutant was severely altered over 72 h ([Fig. 4](#f0020){ref-type="fig"}B). This trend was exacerbated in primary mixed murine CNS cultures, which showed no detection of infectious rOC/E-PBM~D82A-V84A~ compared to single mutant PBM and reference viruses ([Fig. 4](#f0020){ref-type="fig"}C). As no differences were observed between both single PBM mutant (rOC/E-PBM~D82A~ and rOC/E-PBM~V84A~) and reference virus, we continued the characterization of the potential PBM only with the double mutant virus (rOC/E-PBM~D82A-V84A~). Immunofluorescence analysis indicated that cells could be infected by all viruses but we detected a significant difference in propagation for both LA-N-5 cells ([Fig. 4](#f0020){ref-type="fig"}D, Figure S2A) and primary mixed murine CNS cultures (Figure S2B), showing a significantly reduced propagation for the double PBM mutant rOC/E-PBM~D82A-V84A~.

2.5. Deletion of HCoV-OC43 E protein or alteration of its putative TMD and PBM alter its relative infectivity {#s0035}
-------------------------------------------------------------------------------------------------------------

Given that the coronavirus E protein is known to play an important role in infectious virion formation and maturation ([@bib21]), we then looked if its deletion or the alteration of its putative functional domains could also alter the total virion production. Using a RT-qPCR approach, the quantity of total viral particles in stocks of rOC/ATCC, rOC/E~stop~, rOC/E-TM~Q17A~ or rOC/E-PBM~D82A-V84A~ were evaluated and compared to the infectious titer of the corresponding viruses ( [Fig. 5](#f0025){ref-type="fig"}A). Whereas the reference virus possesses a ratio of infectious virion to total viral particles of approximately 1:100, the rOC/E~stop~ mutant has a ratio of 1:56 000 correlating with the default in infectious virion production previously observed. Surprisingly, the quantity of total viral particles (evaluated as total RNA copy number by RT-qPCR) was close to the reference virus. The same defect was observed for rOC/E-TM~Q17A~ but to a lesser extent with a ratio of 1:1065, but it was absent for the rOC/E-PBM~D82A-V84A~ mutant. Indeed, even though this latter mutant produces less virions compared to the reference virus, a very high proportion of them are infectious, as the ratio of infectious over total particles is about 1:2 ([Fig. 5](#f0025){ref-type="fig"}A). These observations of modified ratio were confirmed by immunofluorescence comparing the percentage of infected cells when the quantity of virus used for the infection of LA-N-5 cells was normalized either to the number of infectious virions or to the number of total viral particles ([Fig. 5](#f0025){ref-type="fig"}B). All these findings demonstrate that the HCoV-OC43 E protein is critical for efficient replication in epithelial and neuronal cells, and that its functional domains play important and potentially distinct roles during the production of new infectious virions.Fig. 5**HCoV-OC43 E protein and its putative TMD and PBM modulate relative virus infectivity.** (A) Infectivity assay between viruses: quantification of viral RNA in viral stocks (absolute quantity in RNA copy representative of total viral particles) and of the number of infectious particles in viral stocks. Ratio of infectious to total viral particles are indicated over each virus. (B) The percentage of LA-N-5 cells infected by the different viruses was quantified by immunofluorescence and cell profiler software at 16hpi in the presence of 200 µM Chloroquine (reinfection inhibitor). Infection were performed with amount of viruses normalized either on the quantity of viral RNA (total particles) or on the number of infectious viral particles. (\*\* P \< 0.01; \*\*\* P \< 0.001).Fig. 5

2.6. Fully competent HCoV-OC43 E protein is not essential for neuroinvasion but is a determinant factor of neurovirulence {#s0040}
-------------------------------------------------------------------------------------------------------------------------

As HCoV-OC43 is naturally neuroinvasive and neurovirulent in mice ([@bib6], [@bib14], [@bib34]) and that the E protein is important for efficient propagation in neuronal cells ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}), we wished to investigate the importance of the two functional domains of E in the process of neuroinvasion. Seven-day-old C57Bl/6 mice were infected and RT-qPCR performed at 5 days post-infection on complete brain revealed that mutant viruses were still neuroinvasive compared to the reference virus, however the copy number of viral RNA was significantly lower for both mutants ( [Fig. 6](#f0030){ref-type="fig"}A). This indicates that the TMD and PBM are not essential for HCoV-OC43 neuroinvasion. Moreover, it is interesting to note that the 4 mice (3 infected with the reference virus, and one with the TMD mutant) with a high number of viral RNA copy (\>10^13^) were the only ones to show signs of illness at 5 dpi.Fig. 6A fully functional HCoV-OC43 E protein is associated with optimal neuroinvasion and increases neurovirulence. (A) 7-day-old C57Bl/6 mice received 10^3^ TCID~50~/20 µL of rOC/ATCC, rOC/E-TM~Q17A~ or rOC/E-PBM~D82A-V84A~ by the IN route. Neuroinvasion was detected and quantified by RT-qPCR on brain RNA at 5 days post-infection, each point represents a single mouse. (B) Twenty-two-day-old C57Bl/6 mice received 10^2.5^ TCID~50~/10 µL of rOC/ATCC, rOC/E-TM~Q17A~ or rOC/E-PBM~D82A-V84A~ by the IC route and were observed for survival over 21 days following the injection. (C) Infected mice were weighted every 2 days for a period of 21 days following infection. The weight gain is shown as percentage of d0 set at 100%. (D) Evaluation of the clinical scores (percentage of mice at each level of the scale) of mice infected by rOC/ATCC, rOC/E-TM~Q17A~ or rOC/E-PBM~D82A-V84A~ based on neurological symptoms described in clinical score scale between level 0 and 4 over a period of 21 days (see Materials and methods). Representative of three different experiments. (\* P \< 0.05; \*\* P \< 0.01; \*\*\* P \< 0.001).Fig. 6

To investigate the role of the E protein in the induction of HCoV-OC43-induced neurological pathology, 22-day-old C57Bl/6 mice were intracerebrally infected with either rOC/ATCC, rOC/E-TM~Q17A~ or rOC/E-PBM~D82A-V84A~, and the development of illness was monitored for 21 days after infection. During this period, only mice infected with the reference virus died, all other mice survived the infection ([Fig. 6](#f0030){ref-type="fig"}B). Moreover, mice infected with rOC/E-PBM~D82A-V84A~ did not show any significant differences of weight gain compared to sham infected mice ([Fig. 6](#f0030){ref-type="fig"}C), nor did they show any sign of neurological disease compared to mice infected with the reference virus ([Fig. 6](#f0030){ref-type="fig"}D). However, mice infected with rOC/E-TM~Q17A~ showed an intermediate weight gain profile between mice infected with the reference virus and the sham infected mice ([Fig. 6](#f0030){ref-type="fig"}C), suggesting that these mice were developing a disease, which was confirmed by the neurological symptoms developed by several mice, although to a lesser extent than mice infected with the reference virus ([Fig. 6](#f0030){ref-type="fig"}D). Mice infected with rOC/E~stop~ did not show any signs of illness whether in terms of weight gain, or neurological symptoms (Figure S3A-C).

2.7. HCoV-OC43 E protein and its TMD and PBM are essential for efficient replication in the murine CNS {#s0045}
------------------------------------------------------------------------------------------------------

As HCoV-OC43 E protein and its functional domains modulate viral replication and propagation in human and murine neuronal cultures ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}), we examined if the differences in neurovirulence observed ([Fig. 6](#f0030){ref-type="fig"}) were also to be associated with defective infectious virus productions and propagation in the CNS. Infection of 22-day-old C57Bl/6 mice with reference and E protein mutants revealed that the infectious titer in the brain ( [Fig. 7](#f0035){ref-type="fig"}A) and the spinal cord ([Fig. 7](#f0035){ref-type="fig"}B) was significantly reduced for the TMD mutant. This altered replication in the brain correlates with an extremely weak production in the spinal cord, where infectious virions were detected in only one mouse at 5 dpi. Production of infectious particles was under the limit of detection in mice infected with the PBM mutant, correlating with the total absence of neurovirulence ([Fig. 6](#f0030){ref-type="fig"}). However, the PBM mutant RNA was detected in the brain at 5 and 9 dpi, although at a lower level than the reference virus or the TMD mutant ([Fig. 7](#f0035){ref-type="fig"}C), indicating that this virus was capable of replicating at a low level in the brain. Similar observations were obtained following mouse infection with rOC/E~stop~ ([Fig. S3D](#s0145){ref-type="sec"}). Viral RNA of each mutant was extracted at 5 and 9 dpi and sequenced for the E and M gene. No reversion in the targeted genes were observed (data not shown), indicating that the inserted mutations are stable during replication in the murine brain for at least 9 days. It is interesting to note than when infected with a higher viral dose (10^2.5^ TCID~50~/10 µL vs 10^1.5^ TCID~50~/10 µL), infectious virions of the PBM mutant could be detected in low amount in the brain of mice (Figure S4A). Our system only allows to detect infectious titer over 10^2.5^. Thus, the apparent (but very low) increase of infectious virus production observed at 10--11 days post-infection may be explained by the fact that the PBM mutant replicates at very low level between 3 and 11 days pi and that, by doing this, this mutant could be able to avoid detection by the immune system and delay its clearance from the CNS. Viral RNA was also detected in both the brain and spinal cord (Figure S4B and C). Sequencing of the E and M genes again revealed the absence of reversion, again suggesting that the absence of detectable infectious virion production previously observed ([Fig. 7](#f0035){ref-type="fig"}) was probably due to the low infectious dose. Taken together, these data demonstrate that a fully competent E protein (with both functional TMD and PBM) is essential for HCoV-OC43 neurovirulence in association with efficient replication in the CNS, correlating with the early observations in neuronal cells ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}).Fig. 7The E protein TM and PBM domain are essential for optimal replication in the murine brain and spinal cord. Infectious viral particles were quantified in (A) the brains and (B) the spinal cord of 22-day-old C57Bl/6 mice infected by the IC route with 10^1.5^ TCID~50~/10 µL rOC/ATCC, rOC/E-TM-Q17A or rOC/E-PBM-82--84 over a period of 15 days. (C) Viral RNA was detected and quantified by RT-qPCR in the brain of infected mice at 5 and 9 days post-infection. LOD, limit of detection. Representative of three different experiments.Fig. 7

2.8. The putative TMD decreases HCoV-OC43 propagation in the murine brain {#s0050}
-------------------------------------------------------------------------

When infection was performed at a 10^1.5^ TCID~50~/10 µL dose, only the E protein TMD mutant produced detectable virions in the brain (infectious virus is under the limit of detection for PBM mutant). However, this production was significantly lowered compared to reference virus. Therefore, based on data obtained in neuronal cultures ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}), we investigated if the TMD mutation also induced a defect in propagation within the brain. Brains of mice infected intracerebrally with rOC/ATCC or rOC/E-TM~Q17A~ were harvested at 3 and 7 dpi, and viral spreading was observed by immunofluorescence. Whereas the reference virus had already infected the hippocampus at 3 days post-infection (with positive cells around the lateral ventricle and in the hypothalamus), and then continued to spread until the rest of the brain was infected at 7 dpi ( [Fig. 8](#f0040){ref-type="fig"} left panels), the rOC/E-TM~Q17A~ presented an important delay in spreading as only a few number of infected cells were visible at 3 dpi except for a small focus of infection around the hippocampus and the lateral ventricle. Spreading then occurred to the same brain regions compared to reference virus but to a much lower extent ([Fig. 8](#f0040){ref-type="fig"} right panels). This suggests that although the TMD mutant seems to follow the same spreading path in the murine brain, its spreading is greatly delayed and underlines the fact that HCoV-OC43 E protein TMD is important for efficient propagation in the murine brain.Fig. 8HCoV-OC43 E protein putative TM domain is required for efficient spreading in mouse CNS. Viral spreading in mice brain was examined by immunofluorescence at 3 and 7 days post-infection. The virus was detected using an antibody against the HCoV-OC43 S protein (green) and nuclei were detected using DAPI (blue). Small white arrows point to isolated infected cells. Brain regions: 1, Olfactory Bulb; 2, Lateral Ventricle; 3, Hippocampus; 4, Brainstem; 5, Hypothalamus.Fig. 8

3. Discussion {#s0055}
=============

In this study, by modifying a full-length cDNA infectious clone of the human HCoV-OC43 virus, we demonstrate that E protein is critical for the production of infectious virions, as transient complementation with wild type E protein rescued infectious viral production and a strong selection pressure to revert to a functional E protein was observed. Moreover, mutations of specific domains revealed that a fully functional protein participate in the efficient viral spreading, associated with neuropathogenesis.

Deletion of the E protein leads to varying degrees of defects for coronaviruses. Indeed, whereas murine hepatitis virus (MHV) and SARS-CoV are attenuated, showing a reduced ability to produce infectious virus without E protein, in a cell-type specific manner ([@bib11], [@bib10], [@bib28], [@bib30]), transmissible gastroenteritis virus (TGEV) ([@bib40]) and MERS-CoV ([@bib1]) are replication competent, but completely propagation defective, with no detectable infectious virus production when the E protein is deleted. Similarly, we were able to rescue infectious rOC/E~stop~ production by providing wild-type E protein in trans, as the recovery of initially complemented rOC/E~stop~ through complementation, and amplification on epithelial cells yielded detectable infectious virus ([Fig. 1](#f0005){ref-type="fig"}). As suggested for MERS-CoV ([@bib1]), the apparent low titer detected after the first passage on HRT-18 cells (especially at P1), could be due to a transfer of detached cells transfected with the initially complemented pBAC-OC43-E-Stop. Furthermore, the production of infectious particles (for initially complemented mutant lacking the E protein) was low and decreased with subsequent amplification attempts. On the other hand, these results also suggest that production of infectious virions without E protein is possible but with severely affected efficiency, underlining the requirement of a fully functional E protein. Coronavirus E protein has been suggested to allow correct virion formation in part by inhibiting M protein aggregation ([@bib32]), or by inducing scission events at the ERGIC ([@bib18]). Our data indicate that while reducing dramatically the quantity of infectious viral particles formed, the complete abrogation of HCoV-OC43 E protein did not significantly alter the quantity of total viral particles produced compared to the reference virus ([Fig. 5](#f0025){ref-type="fig"}), suggesting that the protein is important for efficient virion maturation that lead to good infectivity.

This concept is emphasized by the appearance of recombinant HCoV-OC43 E protein revertants at a very low passage number (P2 or P3) on HRT-18 cells. Indeed, the appearance of revertants with different E sequences after only a few rounds of amplification on HRT-18 cells indicates that low level of viral particles must have been produced earlier during the process as we already observed previously for HE-deleted recombinant HCoV-OC43 ([@bib13]). We observed strong selective pressure at the position where we introduced a stop codon where nucleotide changes led to reversion to reference E sequence or to another amino acid residue (tryptophan or leucine). It was previously described that SARS-CoV ([@bib28]) and MHV ([@bib31]) E protein deletion mutants underwent compensatory mutations after a few passages in culture to utilize a partially duplicated version of the adjacent M protein to recover partial virus production. A second type of reversion was observed for SARS-CoV E protein deletion mutant after an intranasal infection of susceptible mice as the small transmembrane ion channel forming 8a was modified to incorporate a potential PBM associated with increased infectious virus production compared to E protein deletion mutant ([@bib28]). Our results support the hypothesis that there is selective pressure to specifically restore the E protein functionality itself without partial duplication of the M gene (data not shown), however, it is important to note that we only introduced a stop codon at the beginning of the E gene instead of deleting part or all of the gene, as it was done for SARS-CoV and MHV ([@bib28], [@bib31]). A recombinant HCoV-OC43 in which the E gene would have been deleted could have used the same reversion process in other viral gene.

Production of infectious virus was reduced after infection of neuronal cell cultures with initially complemented rOC/E~stop~ compared to reference virus. Immunofluorescence assay for viral proteins confirmed these latter results showing no defect in entry for the initially complemented rOC/E~stop~ virus compared to reference virus at 16 hpi, while observations at 48 h indicated an important defect of viral propagation ([Fig. 2](#f0010){ref-type="fig"}). A decrease in virus spread was also reported for MHV ([@bib32], [@bib30]) and SARS-CoV ([@bib10]) ΔE mutants which formed smaller and less numerous plaques.

The coronavirus E protein is now considered as a virulence factor (reviewed extensively in ([@bib12])) and there have been extensive efforts to characterize the different domains of this relatively small transmembrane protein and the possibility that it acts as a viroporin, with ion channel activity. The TMD of several coronavirus E proteins (including HCoV-OC43) was predicted ([@bib51]) and shown to form ion channels permeable to small cations in artificial membranes for species such as IBV, MHV, HCoV-229E ([@bib60]), MERS-CoV ([@bib49]) and SARS-CoV ([@bib59]). Furthermore, it was demonstrated that the IBV E protein can exist in a penta-oligomeric state ([@bib58]), and that for MERS-CoV ([@bib49]) and SARS-CoV ([@bib42], [@bib52], [@bib56], [@bib55]), it forms pentameric channels in lipid membranes. Chemical inhibition of ion channel activity ([@bib60]), destruction of the integrity of ([@bib2], [@bib44], [@bib63]) or replacement of the TMD with those of other viral species ([@bib45]) all led to reduced viral titers for other coronaviruses species. The E protein of coronaviruses is largely localized within the secretory pathway ([@bib8], [@bib37], [@bib54]) where it has recently been described for IBV to exist in two different pools; one of monomeric E proteins that disrupt the secretory pathway and a second pool in an oligomeric state, likely serving to facilitate the assembly of progeny virions ([@bib58]). The transient delay in infectious virus release observed for the TMD mutant compared to the reference virus ([Fig. 3](#f0015){ref-type="fig"}) suggests a defect in virus release that could be the result of damaged infectious particles as it was observed for IBV, for which a TMD mutant of the E protein induces a similar defect associated with increased quantity of non-infectious viral particles released possessing a cleaved S protein near the virion surface ([@bib45]). Considering the higher proportion of non-infectious virions released by cells infected with the TMD mutant compared to cells infected with the reference virus ([Figs. 3](#f0015){ref-type="fig"}D and [5](#f0025){ref-type="fig"}A), a similar process consisting in an alteration of infectious virions in the secretory pathway may also be involved here, suggesting an important role for TMD within the cellular secretory pathway. Furthermore, mutation at homologous position T16 of IBV did not have an effect on VLP formation but rather was required for secretory pathway disruption ([@bib46], [@bib58]). These results suggest that mutation Q17A (homologous to IBV T16A) in the HCoV-OC43 E protein putative TMD plays a role in modulating infectious virus release from infected cells.

A four-amino acid C-terminal PBM protein-protein interaction motif has been predicted for HCoV-OC43 ([@bib27]). Through the replacement of the key amino acids of this motif by alanines, we demonstrated its importance in infectious virion production in the epithelial and neuronal cells tested ([Fig. 4](#f0020){ref-type="fig"}). Defective propagation without an effect on the ability to infect cells was observed with the recombinant virus with an abrogated putative PBM. Deletion of the PBM in SARS-CoV E protein led to slight decreases in viral titers in some cell types ([@bib27]) while in others viral titers remained unaffected ([@bib44]). Our data on HCoV-OC43 reveal significant infectious virus production defects in an epithelial cell line which was further accentuated in neurons, but only after infection by the double mutant rOC/E-PBM~D82A-V84A~, suggesting that HCoV-OC43 replication in cultured cells can tolerate a slight flexibility in the putative PBM sequence. Among coronavirus E proteins, only the SARS-CoV E protein has been shown to per se possess such a functional motif, which interacts with PALS1 to disturb secretory pathway membranes to alter tight junction formation ([@bib50]) and syntenin to play a role in the exacerbated inflammatory response typical of infection via p38 MAPK activation ([@bib27]). For SARS-CoV E protein, the PBM is suggested to be important in two independent functions: virus stability and virulence/pathogenesis rather than virus production ([@bib28], [@bib27], [@bib44]). Given that the functions of PBM is dependent on their sequence and surrounding sequence context ([@bib62]), further study of the HCoV-OC43 E protein neuronal interactome is warranted and could provide new insights on the precise function of the protein in infected cells. Prevention of a functional interaction between HCoV-OC43 E protein PBM and its PDZ domain-containing ligand could conceivably function in the same vein as seen in case of neurotropic encephalitic rabies virus, for which differences in disease phenotype, rapid versus attenuated spread of virus infection, was attributed to differences in PBM sequences on the C-terminal of the rabies envelope glycoprotein G leading to different cellular interaction partners to mediate either neuronal cell survival or death ([@bib43]). Surprisingly, the PBM mutant forms less total viral particles but almost all of them are infectious. As protein-protein interaction motifs, viral PBM are involved in a variety of processes, including viral particle assembly and maturation ([@bib26]). Abrogation of the E PBM, could prevent critical cellular and/or viral interaction necessary for the rapid and efficient formation and maturation of viral particles, making propagation highly inefficient.

The SARS-CoV E protein is critical for neuroinvasiveness in susceptible mice ([@bib11]). HCoV-OC43 E protein seems to differ from its SARS-CoV homolog as viral RNA is present in the brain of all mice intranasally infected with either the reference virus, the TMD mutant or the PBM mutant ([Fig. 6](#f0030){ref-type="fig"}-A), indicating that the fully functional protein is not essential for neuroinvasion. On the other hand, the amount of viral RNA was significantly lower in the brain of E mutant-infected mice. Although we cannot rule out that these data represent a difference in replication and propagation once the virus is already in the brain, optimal HCoV-OC43 neuroinvasion may necessitate a fully functional E protein. The SARS-CoV E protein was recently described as an important virulence factor during infection of the lungs, being in part responsible for the immune response exacerbation ([@bib27]), the lung epithelium destruction ([@bib50]), and edema accumulation in the lungs ([@bib38]). We demonstrate here that HCoV-OC43 E protein deletion as well as abrogation of the putative PBM prevented neurological symptoms following CNS infection, correlating with replication and propagation observations in epithelial and neuronal cells ([Fig. 6](#f0030){ref-type="fig"}). Disappearance of respiratory tract disease was observed for SARS-CoV in which E PBM was abrogated, preventing interaction of the viral protein with the PDZ-containing protein syntenin ([@bib27], [@bib44]). The absence of neurological symptoms following infection by either rOC/E~stop~ or rOC/E-PBM~D82A-V84A~ could potentially be linked to glutamate excitotoxicity that we have previously observed in mice ([@bib6]), possibly by interfering with PDZ-domain containing proteins found in neuronal cells ([@bib17]). We also demonstrate that HCoV-OC43 putative TMD plays a role in the neuropathogenesis following the CNS infection, albeit to a lesser extent than its PBM. Indeed, infected mice showed some neurological symptoms, even if their severity and frequency were lower than for the reference virus. This attenuated phenotype was also associated with reduced viral particles production and propagation in the CNS. Homologous mutation at the position 15 of SARS-CoV E protein also led to an attenuated pathology, although infectious viral particle production was not significantly affected compared to wild-type virus ([@bib38]). Taken together, these results demonstrate that HCoV-OC43 E protein is a virulence factor, with TMD and PBM being important determinants in that matter.

In summary, the current study demonstrates the critical importance of a fully functional HCoV-OC43 E protein in infectious virus production and efficient spread in both epithelial and neuronal cells. Modifications to key amino acids in putative functionally important domains modulated infectious virion production and delayed virus spread in human and murine neuronal cells and within mouse CNS. This points towards the presence of a true TMD, which has a role in the secretory pathway, as seen for other coronaviruses and that the HCoV-OC43 E protein putative C-terminal PBM plays a significant role in infectious virion production as well as efficient virus spread. In addition, this study establishes a clear link between both putative functional domains of HCoV-OC43 E protein and CNS pathogenesis. Functional viroporins and viral PBM are associated with viral pathogenesis for a growing number of viruses and their studies to better understand virus-host interaction represent an emerging field ([@bib26], [@bib39], [@bib47]). Considering that the HCoV-OC43 E protein seems to possess both functions and that they seem to be important for the induction of disease, future studies regarding their functionality and underlying mechanisms resulting in HCoV-OC43 neuropathogenesis previously described ([@bib6], [@bib25], [@bib34]) are warranted and necessary as they will help to identify virus-host interfaces which could represent therapeutic target.

4. Materials and methods {#s0060}
========================

4.1. Ethics statement {#s0065}
---------------------

All animal experiments were approved by the Institutional Animal Care and Use Ethics Committee (IACUC) of the Institut National de la Recherche Scientifique (INRS) and conform to the Canadian Council on Animal Care (CCAC). Animal care and used protocols numbers 1304-02 and 1604-02 were issued by the IACUC of INRS for the animal experiments described herein.

4.2. Cell lines and mixed primary murine CNS cells {#s0070}
--------------------------------------------------

The BHK-21 cell line (ATCC-CCL10) was cultured in minimal essential medium alpha (MEM-α; Life Technologies) supplemented with 10% (vol/vol) fetal bovine serum (FBS; PAA GE Healthcare) and used for transfection. The HRT-18 cell line (a gift from the late David Brian, University of Tennessee) was cultured in the same medium and used for virus infections/amplifications. The LA-N-5 cell line (a kind gift of Stephan Ladisch, George Washington University School of Medicine) was cultured in RPMI medium supplemented with 15% (vol/vol) fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, and 100 μM non-essential amino acids (Gibco - Invitrogen). The LA-N-5 cells were differentiated into human neurons as previously described ([@bib23]). Briefly, cells were seeded in 24-well plates pre-coated with 0.1% gelatin (1.25 × 10^3^ cells/well) in RPMI medium supplemented with 10% (vol/vol) FBS, 10 mM HEPES, 1 mM sodium pyruvate, and 100 μM non-essential amino acids. The next day and every 2 days for 6 days, the medium was replaced with the same medium supplemented with 10% (vol/vol) FBS and 10 μM all-trans retinoic acid (Sigma-Aldrich).

Mixed primary cultures of mouse CNS cells were prepared as previously described ([@bib34]). Briefly, embryos at 15 days of gestation were removed from pregnant anesthetized CD1 mice and their cortex and hippocampus were harvested and placed in Hanks balanced salt solution (HBSS) medium, without Ca^2+^ and Mg^2+^, supplemented with 1 mM sodium pyruvate and 10 mM HEPES buffer. Tissues were gently pipetted up and down with a Pasteur pipette to dissociate the cells. After a decantation step of 3 min at room temperature, supernatants were transferred into a 50-ml tube with 36 ml of Neurobasal Medium (Invitrogen) supplemented with 0.5 mM GlutaMAX-I (Life Technologies), 10 mM HEPES buffer, B27 supplement (Life Technologies), gentamycin and 10% (vol/vol) of horse serum (Life Technologies). Cells were then seeded at 1 × 10^5^ cells/cm^2^ and grown on 50 µM poly-[d]{.smallcaps}-lysine-treated 12-well plates containing glass coverslips (for immunofluorescence) or not (for evaluation of infectious virus production) in the same medium, which was replaced by fresh Neurobasal Medium without horse medium the next day. The medium was changed every 2 days after and the cultures were ready for infection after 7 days in culture.

4.3. Site-directed mutagenesis {#s0075}
------------------------------

Using our full-length, cDNA infectious clone pBAC-OC43^FL^ ([@bib48]) the recombinant HCoV-OC43 virus (rOC/ATCC) was generated. In parallel, a series of recombinant mutant viruses were produced by site-directed mutagenesis using the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) and a variety of primers ( [Table 1](#t0005){ref-type="table"}, Section A) to introduce nucleotide substitutions in the E gene. These substitutions in the cDNA clone introduced were: nucleotide mutations at positions 24 and 25, corresponding to a change of amino acid position 9 into a stop codon (pBAC-OC43-E-Stop, plasmid; rOC/E~stop~, recombinant virus) or mutations at nucleotide positions 49 and 50 corresponding to amino acid 17 (pBAC-OC43-E-TM-Q17A; rOC/E-TM~Q17A~), nucleotide position 245 and 246; amino acid 82 (pBAC-OC43-E-PBM-D82A; rOC/E-PBM~D82A~) or nucleotide position 251; amino acid 84 (pBAC-OC43-E-PBM-V84A; rOC/E-PBM~V84A~). A double mutant cDNA clone pBAC-OC43-E-PBM-D82A-V84A (rOC/E-PBM~D82A-V84A~) was also produced using the pBAC-OC43-E-PBM-D82A as a DNA template for a second-round of mutagenesis reaction with OC-E-PBM-D82A-V84A primer to introduce a second mutation at nucleotide position 251; amino acid 84. Prior to transfection of BHK-21 cells, all samples were sequenced to make sure that only the introduced mutations were present and that no other mutations appeared.Table 1Primers used to introduce nucleotide substitutions in the E gene of pBAC-OC43^FL^ ([@bib48]) for recombinant HCoV-OC43 virus production with amino acid modifications within the E protein (Section A). Primers used to verify sequences of the full HCoV-OC43 E and M gene of recombinant viruses (Section B). Bold and underlined sections represent newly introduced nucleotide substitutions. Underlined section in mutant E-PBM 82--84 represents previously introduced nucleotide substitutions.Table 1**A -- Primers for site-directed mutagenesisRecombinant VirusPrimer NamePrimer Sequence**rOC/E~stop~OC-E-stop5'-CT GAT GCT TAT CTT **[TG]{.ul}**A GAC ACT GTG TGG-3'rOC/E-TM~Q17A~OC-E-TM-Q17A5'-GTG TGG TAT GTG GGG **[GC]{.ul}**A ATA ATT TTT ATA GTT GCC-3'rOC/E-PBM~D82A~OC-E-PBM-D82A5'-CA GTC CTT GAT GTG G**[CC]{.ul}** GAC GTT TAG GTA ATC-3'rOC/E-PBM~V84A~OC-E-PBM-V84A3'-GT TTG GAT TAC CTA A**[G]{.ul}**C GTC ATC CAC ATC AAG-5'rOC/E-PBM~D82A-V84A~OC-E-PBM-D82V-V84A5'-CTT GAT GTG G[CC]{.ul} GAC G**[C]{.ul}**T TAG GTA ATC CAA AC-3'**B -- Primer for sequence verificationPrimer NamePrimer Sequence**OC-ns5-116-E-For5'-GTA GAG TTC CTA GTC ATG CTT G-3'OC-E-222-For5'-GAT GTA AAA CCA CCA GTC CT-3'OC-M-127-E-Rev5'-ACA TAC TGC GAC TTG TAT AGC C-3'OC-M-172-For5'-ATT TTG TGG CTT ATG TGG CCC-3'OC-M-241-E-Rev5'-CTA TAG AAA GGC CAA GAT ACA C-3'OC-M-439-For5'-GTC ACA ATA ATA CGC GGC CA-3'OC-M-514-Rev5'-CCT TAG CAA CAG TCA TAT AAG C-3'OC-N-60-Rev5'-CAT TAC CAG AAC GAT TTC C-3'GAPDH-For5'-CGG AGT CAA CGG ATT TGG TCG TAT-3'GAPDH-Rev5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'

4.4. Plasmid for transient co-transfection rescue {#s0080}
-------------------------------------------------

In order to insert the HCoV-OC43 E gene into the pcDNA3.1(+) expression vector (pcDNA; Invitrogen) and allow for E protein expression upon transient co-transfection with pBAC-OC43 infectious clones in BHK-21 cells, restriction enzymes *Nhe*I and *Bam*HI were added to the 5' (primer: 5'-[GCTAGC]{.ul} ATG TTT ATG GCT GAT GCT TA-3') and 3' (primer: 5'-[GGATCC]{.ul} CTA AAC GTC ATC CAC AT-5') ends of the E gene respectively. The E gene with added restriction enzyme sites was PCR-amplified from cDNA originating from a HCoV-OC43 reference strain (ATCC) infection on HRT-18 cells using Accuprime *Pfx* Supermix (Life Technologies) with 1 cycle at 95 °C for 5 min, followed by 35 cycles at 94 °C for 15 s, 48 °C for 30 s and 68 °C for 1 min and 1 cycle at 68 °C for 4 min and then introduced into the pcDNA plasmid.

4.5. Recombinant virus production, transient co-transfection and virus amplification {#s0085}
------------------------------------------------------------------------------------

The BHK-21 cells were cultured in MEM-α supplemented with 10% (vol/vol) FBS and used for transfection of pBAC-OC43 cDNA infectious clones with Lipofectamine 3000 Reagent (Life Technologies) according to the manufacturer\'s instructions. Briefly, for production of recombinant viruses, BHK-21 cells were seeded in 6-well cell culture plates at 6×10^5^ cells/well. The next day, when cells were 70--90% confluent, the medium was replaced and cells were transfected with 7.5 µL Lipofectamine 3000 Transfection Reagent, 10 µL P3000 Reagent, 5 μg of pBAC-OC43^FL^ or other modified pBAC DNA, and 2 μg of pcDNA(OC-E) or empty pcDNA plasmid per well. For semi-quantitative determination of transfection efficiency by immunofluorescence assay (IFA), BHK-21 cells were seeded at 5 × 10^4^ cells/well onto glass coverslips in 24-well plates and transfected with 1.5 µL Lipofectamine 3000 Transfection Reagent, 6 µL P3000 Reagent, 1.5 μg of pBAC-OC43^FL^ or other modified pBAC DNA, and 500 ng of pcDNA(OC-E) or empty pcDNA plasmid per well. The plates were incubated at 37 °C for 8 h and then medium replaced with MEM-α supplemented with 10% (vol/vol) FBS and 0.01% (vol/vol) gentamycin and incubated for 3 days.

The cells from 6-well culture plates were harvested either to recover total RNA or total protein while the supernatant (P0) was recovered by aspiration after centrifugation at 500 × *g* for 7 min and then clarified at 1000 × *g* for 10 min. The supernatant (P0) served to inoculate HRT-18 cells in order to amplify the viral stocks. The supernatant from this first-round amplification (P1) served for a second round of viral amplification on HRT-18 cells from which supernatant was recovered (P2) and in some cases, was repeated again for a third round of amplification (P3). The production of infectious viral particles corresponding to the different pBAC-OC43 cDNA clones was titrated by an immunoperoxidase assay (IPA) prior to each amplification step in order that titers could be normalized to the lowest detectable titer and replication rates be compared.

4.6. Infection of human cell lines and of primary mouse CNS cultures {#s0090}
--------------------------------------------------------------------

The HRT-18 and LA-N-5 cells as well as mixed primary cultures of mouse CNS cells were infected at a MOI equivalent to the lowest detectable titer of the series of recombinant virus stock used during each experiment or mock-infected and then incubated at 33 °C (HRT-18) or 37 °C (LA-N-5 cell line and primary CNS cultures), for 2 h (for virus adsorption), and incubated at 33 °C with fresh MEM-α supplemented with 1% (vol/vol) FBS (for HRT-18 cells), at 37 °C with fresh RPMI medium supplemented with 2.5% (vol/vol) FBS (for LA-N-5 cells) or at 37 °C with fresh Neurobasal Medium with B27-GlutaMAX-I (for primary murine CNS cell cultures) for different periods of time before fixing cells for immunofluorescence detection or harvesting the cell-associated and/or cell-free medium fractions for infectious virus titer determination by IPA. For relative infectivity and release assay, LA-N-5 cells were infected at a MOI equivalent to the lowest titer of the compared recombinant viruses and incubated at 37 °C for 16 h with fresh RPMI medium supplemented with 2.5% (vol/vol) FBS and 200 nM chloroquine (N^4^-(7-Chloro-4-quinolinyl)-N^1^,N^1^-dimethyl-1,4-pentanediamine diphosphate salt, Sigma, CAS number 50--63-5) in order to prevent re-infection.

4.7. Mice, survival curves, body weight variations and evaluation of clinical scores {#s0095}
------------------------------------------------------------------------------------

Infection of 22-day-old female or 7-day-old male and female C57Bl/6 mice (Charles River) were performed as previously described ([@bib34]). Briefly, mice were inoculated respectively by the IC route with 10^1.5^ or the intranasal route with 10^3^ of 50% tissue culture infective doses (TCID~50~) recombinant virus. Groups of 10 mice infected by each recombinant virus were observed on a daily basis over a period of 21 dpi, and survival and weight variations were evaluated. Clinical scores were evaluated using a scale with 5 distinctive levels 0--4); where 0 was equivalent to the asymptomatic mouse; 1 for mice with early hunched backs; 2 for mice presenting slight social isolation, weight loss, and abnormal gait; 3 for mice presenting total social isolation, ruffled fur, hunched backs, weight loss and almost no movement; and number 4 was attributed to mice that were in moribund state or dead.

4.8. Titration of infectious virus using an immunoperoxidase assay (IPA) {#s0100}
------------------------------------------------------------------------

The IPA was performed on HRT-18 cells, as previously described ([@bib33]). Briefly, the primary antibody used was mAb 4.3E4 (hybridoma supernatant; ½ dilution) directed against the S protein of HCoV-OC43. The secondary antibody was horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (KPL; 1/500). Immune complexes were detected by incubation with 0.025% (w/v) 3,3'-diaminobenzidine tetrahydrochloride (Bio-Rad) and 0.01% (vol/vol) hydrogen peroxide in PBS and infectious virus titers were calculated by the Karber method, as previously described ([@bib33]).

4.9. Immunofluorescence for semi-quantification of transfection efficiency or virus propagation {#s0105}
-----------------------------------------------------------------------------------------------

BHK-21 and LAN-5 cells as well as mixed primary cultures of mouse CNS were fixed onto glass coverslips with 4% (wt/vol) paraformaldahyde for 30 min at room temperature and permeabilized for 5 min with 100% methanol at −20 °C. For LA-N-5 and BHK-21 cells, to detect HCoV-OC43 spike (S) protein, one-hour incubations of primary 4.3.E.4 (hybridoma supernatant; ½ dilution;) followed by secondary antibody AlexaFluor 488 donkey anti-mouse IgG (H + L) (1/1000; Life Technologies-Molecular probes) were conducted with three PBS washes between steps. For primary mouse CNS cultures, after blocking with a PBS-BSA 2% (wt/vol) solution for one hour at room temperature, primary antibody polyclonal rabbit anti-S protein (dilution 1/1000) and mouse monoclonal antibody against the neuron-specific MAP2 protein (1/1000; BD Pharmagen, catalog no. 556320) were diluted in PBS + 0.1% Triton X-100 and incubated on cells for one hour at room temperature followed by three PBS washes. Cells were then incubated one hour at room temperature with anti-rabbit Alexa Fluor 568- and anti-mouse Alexa Fluor 488-conjugated secondary antibodies (1/1000; Life Technologies-Molecular probes) in PBS. For all cell types, nucleus detection was accomplished by a 5-min incubation with 4\',6-diamidino-2-phenylindole (DAPI; 1 μg/ml; Life Technologies). Triplicate samples were mounted on glass slides with Immuno-Mount medium (Fisher Scientific). Immunofluorescent staining was observed under a Nikon Eclipse E800 microscope with a QImaging Retiga-EXi Fast 1394 digital camera using Procapture system software. Percentage of infected cells was quantified from immunofluorescence pictures with the CellProfiler software ([@bib7]).

For immunofluorescence on brain section, perfusion with 4% (wt/vol) paraformaldehyde (PFA) was performed on infected C57Bl/6 mice for each virus, at 3 and 7 dpi. Murine brains were carefully harvested and conserved in 30% (wt/vol) sucrose at 4 °C for 72 h. Prior to section, harvested brains were embedded in Tissue-Tek OCT compound (Sakura Finetek, WWR) at −20 °C. Sagittal brain sections were prepared at a thickness of 60 µm with a microtome cryostat HM 525; Microm. Serial sections were collected and Prior to staining, sections were incubated with a solution of two droplets of H~2~O~2~ in PBS for 10 min at RT and washed with PBS. Sections were then permeabilized with a solution of 0,1% Triton in PBS for 2 h at RT, and blocked with a solution of PBS containing 1 droplet of horse normal serum according to the manufacturer\'s protocol (ABC kit Vectastain, Vector Laboratories) for 1 h at RT. For detection of viral antigens, sections were incubated overnight at 4 °C in a 1/500 dilution of polyclonal rabbit anti-S protein of bovine coronavirus (BCoV). After three washes with PBS, sections were incubated in the dark for 1 h at room temperature with the secondary fluorescent antibodies Alexa Fluor 488 anti-mouse (1/500; Life Technologies). After three PBS washes, sections were incubated for 5 min at room temperature with 4',6-diamidino-2 phenylindole (DAPI; 1 μg/ml; Life Technologies), washed once with PBS and water and then mounted with Immuno-Mount mounting medium (Fisher Scientific). Immunofluorescent staining was observed under a Zeiss LSM780 confocal microscope.

4.10. RNA extraction, cDNA synthesis and gene amplification {#s0110}
-----------------------------------------------------------

After transfection of BHK-21 cells or infection of HRT-18 cells, cells were scraped from wells or plates, centrifuged at 500 × *g* for 7 min at 4 °C, medium was removed and cell pellet resuspended with 1.5 ml ice-cold PBS and centrifuged at 1000 × *g* for 10 min at 4 °C. PBS was aspirated and the dry pellet stored at −80 °C until use. Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) with QIAshredder spin columns (QIAGEN) to lyse cells according to manufacturer\'s instructions. RNA quality was verified using the Agilent 2100 Bioanalyzer using the Agilent RNA 6000 Nano Assay protocol according to manufacturer\'s instructions and concentration measured using a ND1000 spectrophotometer (Nanodrop). To produce cDNA, 5 μg of total extracted RNA was reverse transcribed using the SuperScript III First-Strand Synthesis Supermix Kit using oligo(dT) primer (Invitrogen) according to manufacturer\'s instructions.

PCR was conducted using Accuprime *Pfx* Supermix (Life Technologies) with one cycle at 95 °C for 1 min, followed by 40 cycles at 95 °C for 35 s, 50 °C for 45 s and 68 °C for 2 min, followed by one cycle at 68 °C for 7 min using several sets of primers to amplify the E gene (forward primer, OC-ns5-116-E-For, OC-E-222-For, OC-M-172-For or OC-M-439-For; reverse primers, OC-M127-E-Rev, OC-M-514-Rev, OC-M241-E-Rev or OC-N-60-Rev) and GAPDH gene as control (forward primer, GAPDH-For; reverse primer, GADPH-Rev). A complete list and description of all primers is presented in [Table 1](#t0005){ref-type="table"}, section B.

4.11. RNA extraction for infectivity assay and quantification of viral RNA in mouse tissue {#s0115}
------------------------------------------------------------------------------------------

Real time RT-PCR for the absolute quantification of viral RNA in viral stocks and during infection of murine CNS, was modified from Vijgen and collaborators ([@bib57]) using the Taqman technology and the use of cRNA standards for the generation of a standard curve and to evaluate the copy number of viral RNA in samples with the MEGAshortscript kit (Ambion/Life Technologies) ([@bib19], [@bib57]). Briefly, total RNA was extracted with the Qiazol reagent (Qiagen) for HRT-18 cell culture supernatant and mouse tissue to evaluate the amount of viral RNA in virus stock and in mouse tissue respectively. cRNA standards were constructed exactly as described elsewhere made as previously described ([@bib57]). RNA concentrations were evaluated in all samples and quantified using a ND1000 spectrophotometer (Nanodrop). Real-time quantitative RT-PCR was performed with the TaqMan-RNA-to-CT 1-Step kit (Applied Biosystems/Life Technologies) in a 20 µL reaction mixture with 10 µL of 2× TaqMan RT-PCR Mix (containing ROX as a passive reference dye), 900 nM of forward and reverse primers, and 200 nM of FAM BHQ1-TP probe. Four µL of RNA for supernatant samples and cRNA standards (serial dilutions), were used for the reaction. Amplification and detection were performed in a StepOnePlus Realtime PCR system apparatus and analysis were performed with the StepOne software version 2.3 (Applied Biosystems).

4.12. Protein extraction and Western blot analysis {#s0120}
--------------------------------------------------

To confirm E protein production after transfection of pcDNA(OC-E) in BHK-21 cells, proteins from whole cell lysates were extracted. Harvested cells were pipetted up and down into RIPA buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 1% (v/v) NP-40, 0.25% (wt/vol) sodium deoxycholate, 1 mM EDTA) supplemented with protease cocktail inhibitor (Sigma). Lysates were incubated on ice for 20 min and centrifuged at 17,000 × *g* for 10 min at 4 °C. Supernatants were harvested, aliquoted and stored at −80 °C until further analyzed.

Protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (Novagen) according to the manufacturer\'s instructions. Ten μg of protein was loaded on a Tris-Glycine 4--15% gradient gel, transferred to PVDF membrane with a semi-dry trans-blot apparatus (Bio-Rad). Membranes were blocked overnight at 4 °C with TBS buffer containing 1% (vol/vol) Tween (TBS-T) and 5% (wt/vol) non-fat milk. The following day all steps were conducted at room temperature, with, or solutions diluted in, TBS-T and milk. A primary rabbit polyclonal antibody was used to detect either the HCoV-OC43 E protein (1/5000) or GAPDH (1/10 000) for 1 h, followed by three 10 min washes. Anti-rabbit IgG horseradish peroxidase linked whole antibody (from donkey) (GE Healthcare) was the secondary antibody used, followed by three 10 min washes. Detection was performed using 1/1 solution of Clarity Western ECL Substrate (Bio-Rad) for one minute followed by membrane exposure on CL-X-Posure Film (Thermo Scientific).

4.13. Statistical tests {#s0125}
-----------------------

For cell experiments (percentage of infection), statistical analysis were conducted by one-way analysis of variance (ANOVA), followed by Tukey\'s post hoc test, or a *t*-test. For mice experiments, results were compared using two non-parametric statistical tests: Kruskal-Wallis and Mann-Whitney. Statistical significance was defined as p \< 0.05 and is indicated with \* (Student\'s *t*-test p value \< 0.05), \*\* (Student\'s *t*-test p value \< 0.01) or \*\*\* (Student\'s *t*-test p value \< 0.001).

Appendix A. Supplementary material {#s0145}
==================================

Sup. Figure 1**HCoV-OC43 E protein transmembrane (TM) domain is important for its efficient propagation in human and murine neuronal cells.** (A) Differentiated LA-N-5 and (B) mixed primary murine CNS cells were infected with either rOC/ATCC or rOC/E-TM~Q17A~ at the same MOI and cells were fixed at several time points and HCoV-OC43 S protein (red) was revealed by immunofluorescence staining to follow viral propagation. Green represents the microtubule associated protein 2 (MAP2) staining in neurons of the mixed primary murine CNS cells. Nucleus were stained with DAPI (blue).Sup. Figure 1

Sup. Figure 2**HCoV-OC43 E protein PBM motif greatly improves its propagation in human and murine neuronal cells.** (A) Differentiated LA-N-5 and (B) mixed primary murine CNS cells were infected with either rOC/ATCC or rOC/E-TM~D82A-V84A~ at the same MOI and cells were fixed at several time points and HCoV-OC43 S protein (red) was revealed by immunofluorescence staining to follow viral propagation. Green represents the microtubule associated protein 2 (MAP2) staining in neurons of the mixed primary murine CNS cells. Nucleus were stained with DAPI (blue).Sup. Figure 2

Sup. Figure 3**HCoV-OC43 E protein is required for pathogenesis in the CNS.** (A) Survival curves of mice in percentage over 21 days following the injection. (B) Infected mice were weighted every 2 days for a period of 21 days following infection. The weight gain is shown as percentage of j0 set at 100%. (C) Evaluation of the clinical scores (percentage of mice at each level of the scale) of mice infected by rOC/ATCC or rOC/Estop based on neurological symptoms described in clinical score scale between level 0 and 4 (see Materials and methods). (D) Viral RNA was detected and quantified by RT-qPCR in the brain of infected mice at 5 and 9 days post-infection. Representative of three different experiments. (\*\* P\<0.01; \*\*\* P\<0.001).Sup. Figure 3

Sup. Figure 4**rOC/E-PBM**~**D82A-V84A**~**is able to produce infectious virions in the brain and to propagate to the spinal cord after an infection at a higher dose.** (A) Infectious viral particles were quantified in the brains of 22-day-old C57Bl/6 mice infected by the IC route by 10^2.5^ TCID~50~/10 µL rOC/ATCC, or rOC/E-PBM-82--84 over 11 days post-infection. Viral RNA was detected and quantified by RT-qPCR in the (B) brain and (C) spinal cord of infected mice over 11 days post-infection. LOD, limit of detection.Sup. Figure 4
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